The structural and dynamical properties of Pd 2+ in liquid ammonia have been investigated via quantum mechanical charge field molecular dynamics. Similar to the case of aqueous Pd
Introduction
Liquid ammonia and its interactions with metal ions became a subject of particular interest due to the broad use of ammonia solutions in industrial applications. [1] [2] [3] [4] Its interactions with palladium(II) are prominent examples that have been investigated in the context of catalysis as well as in electrochemical processes, 2, [5] [6] [7] [8] however, the majority of experimental investigations have been carried out only with ammonia-containing complexes. [9] [10] [11] [12] [13] The only experimental investigation in liquid ammonia was conducted by Rasmussen et al. 14 . Thus, the respective structural properties of Pd 2+ in liquid ammonia remain ambiguous today. The vast majority of experimental investigations report a square-planar coordination geometry, [9] [10] [11] 13, 15, 16 but a number of studies also highlight the presence of ligands in an axial position with respect to the plane [17] [18] [19] similar to the aqueous case. 20 Caminiti et al. 21 performed EXAFS and LAXS measurements on (NH 4 ) 2 PdCl 4 in aqueous solutions and reported the presence of two axial water molecules at 2.77 Å coordinated to the [PdCl 4 ] 2− complex. Investigations on cyclic polythioether also showed that Pd 2+ coordinates five to six ligands where two axial ligands coordinate weakly at 2.96-3.27 Å. 22 Theoretical investigations in water by Marcos and coworkers via classic molecular dynamics (MD) 23 and CarParrinello molecular dynamics (CPMD) 24 indicate the formation of a tetrahedrally elongated octahedral Pd 2+ -H 2 O complex. The two ligands in an axial position are located at a longer distance from the Pd 2+ ion and thus, have been termed meso-shell. Shah et al. 25 investigated the same system via a hybrid QM/MM-MD 26, 27 approach and reported a square-pyramidal complex. However, it was concluded that the simulation of the system is not sufficiently accurate if only a single hydration shell is included in the quantum mechanical treatment. Application of an enlarged quantum region including the first plus second hydration shell as realised in the QMCF-MD procedure 20 revealed the presence of two axial H 2 O ligands located at 2.7 Å in excellent agreement with EXAFS measurements. The QMCF-MD 28-32 framework itself has been proven to be a sophisticated QM/MM-MD approach employing an enlarged quantum region and an improved coupling between the QM and MM zone resulting in a more accurate representation of solvated compounds [33] [34] [35] [36] [37] in excellent agreement with available experimental investigations. In this paper, the QMCF-MD simulation approach is applied to study the structural and dynamical properties of Pd 2+ in liquid ammonia, including a detailed comparison with the simulation results obtained for the aqueous case.
As mentioned previously, QMCF-MD [28] [29] [30] [31] [32] is an enhancement over the conventional QM/MM-MD approach. 26, 27 It has been shown that by using an enlarged quantum region, the application of solute-solvent non-Coulombic pair potentials in the QM/MM coupling is not required. 29, 31, 32 Furthermore, the partial charges of all MM atoms surrounding the QM region are included as an external potential into the QM-Hamiltonian to modulate the electron density close to the QM/MM interface:
Here V′ i is the potential of electron i, q J are the partial charges of the J th particle in the MM region 29, 31 and r iJ is the distance between electron i and the point charge J. The partial charges of all atoms within the QM region were obtained via Mulliken population analysis in every simulation step. Further details about the QMCF-MD approach have been published elsewhere. 31 To evaluate the structural properties radial distribution functions (RDFs), coordination number distributions (CNDs), and angular distribution functions (ADFs) were employed. To obtain a more detailed depiction of the solvation, radial and angular data are combined into an angularradial distribution plot (ARD). For the dynamical aspects, mean residence times (MRT) were calculated via the direct method 39 as well as vibrational analysis based on the Fourier transform (FT) of the ion-ligand velocity autocorrelation functions (VACFs).
Simulation protocol
The simulation was performed analogously to the highly successful QMCF-MD simulation of Pd 2+ and the topologically similar Pt 2+ in aqueous solution. 20, 40 A canonical NVT ensemble under periodic boundary conditions and minimal image convention was studied in a cubic box with a side length of 33.9 Å consisting of one Pd 2+ and 1000 ammonia molecules.
The radius of the QM region was set to 6.5 Å. To ensure the continuity of ligand exchanges between QM and MM regions, a smoothing function with a value of 0.2 Å was employed. [29] [30] [31] To correct the cutoff of the Coulombic interactions, the reaction field 41 approach was applied. An Adams-Bashforth predictor-corrector algorithm was used to integrate the equation of motions. A value of 0.5 fs was set as the time step of the simulation enabling explicit hydrogen movements. To keep the temperature of the system constant the Berendsen algorithm 42 with a bath relaxation time of 0.1 fs was employed.
To select an adequate level of theory in QM/MM MD type simulations, a compromise between the accuracy of results and computational effort has to be sought. Despite its commonly known shortcomings in the description of the correlated motion of the electrons, the application of Hartree-Fock theory in a QMCF-MD simulation study of aqueous Pd 2+ resulted in an excellent agreement of the structural data and the experimental results obtained via extended X-ray absorption fine structure (EXAFS) measurements published in the same study. 20 For this reason the performance of Hartree-Fock theory as well as the more popular density functional methods BLYP, 43 PBE 44 and B3LYP 45, 46 has been benchmarked in energy minimisations of small [Pd-(NH 3 ) n ] 2+ clusters in the gas phase (n = 1, 2 and 4, a six-fold coordination as observed in the QMCF-MD simulation proved unstable under gas phase conditions) against correlated ab initio methods, namely second order Møller-Plesset perturbation theory (MP2) and Coupled Cluster with Single and Double excitations (CCSD) using the Gaussian09 program. 47 The respective results are summarised in Table 1 . It can be seen that in the case of the DFT methods the interaction energy per ligand E/n is greatly overestimated, while HF theory agrees well with the correlated ab initio methods, especially upon an increase of the number of ligands n. The same convergence occurs in the case of the average Pd 2+ -N distance.
A similar trend has been observed in simulation studies of other highly charged ions 48 such as Eu(II), 49 Al(III), 50 and U(IV) 51 which produce data in excellent agreement with the experimental results using Hartree-Fock to describe the interaction in the QM region. Since the observed structural and energetic data of the model cluster systems are in line with the conclusions drawn in the combined theoretical and experimental study of aqueous Pd 2+ and the applied simulation protocol in this study is effectively identical, 20 the Hartree-Fock method thus provides the best compromise between effort and accuracy. The DZP 52 basis was applied to all atoms of ammonia and LANL2DZ 53 to the Pd 2+ ion. 
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The potential parameters for the ligand-ligand interaction inside the MM region as well as in the QM-MM coupling were taken from the respective ammonia potential reported by Heinzinger and coworkers 54 which has been successfully applied in investigations of a variety of ions in ammonia. [55] [56] [57] [58] [59] [60] [61] [62] The starting structure was taken from a well equilibrated structure of Ni 2+ in liquid ammonia published earlier. 55 Afterwards, the system was re-equilibrated for 18 ps after invoking the QMCF-MD potential followed by sampling for 20 ps. All QM calculations were executed using the TURBOMOLE 7.0.1 package 63,64 and the trajectory was visualized using VMD. 65 3 Results and discussion Table 2 ). A slight shoulder (shown in the inset of Fig. 1a) visible from 2.54 Å to 3.53 Å indicates the presence of axial ligands although the respective peak is much less resolved than in aqueous solution. 20 In the latter case this region has been termed extended first shell 20 or meso-shell. 23 Due to the anisotropic solvation of Pd 2+ the definitions of first and second shell are not as straightforward as in the case of an ion exhibiting a spherically isotropic solute-solvent potential. Although the axial ligands are located at longer distances they formally belong to the first contact layer between the ion and the solvent. From this perspective the term extended first shell may be more precise than the designation of meso-shell introduced by considering the location of the respective peak in the Pd-O RDF of the aqueous case. 23 A zero value between the first and second solvation shell indicates that no exchange of the four equatorial ligands took place during the simulation time, highlighting the rigidity of the square planar structural motif. On the other hand, a nonzero value between the second solvation shell and the bulk indicates the occurrence of the ligand exchange reactions.
According to the solid state structural data obtained from experimental investigations of various NH 3 -containing compounds (Table 3) A difficulty in the structural analysis of the system results from the anisotropic solution characteristics, which can be elegantly probed via angular-radial distributions. 32 The nitrogen density is depicted not only in a radial fashion but also takes the angle with respect to the well-known square planar arrangement of the equatorial ligands into account. The respective normal vector was obtained via a three-dimensional least-square fit to the positions of the Pd and the nitrogen atoms of the four planar ligands (see Fig. 2 ). Since the latter are never replaced along the simulation, this analysis is not influenced by ligand exchange reactions and is thus consistent over the whole trajectory. Fig. 3a and b show the ARD plot of Pd 2+ in liquid ammonia in comparison with the aqueous case investigated in an earlier study. 20 The dashed green line represents the cone region, which together with a radial interval, is used to separate the extended first and second shells. The extended first shell is located in the cone segment with an angle of 31.88°and a distance of 5.0 Å from the ion in the RDF according to a combined angular-radial criterion (see Fig. 2 and 3) showing the first shell (solid black), extended first shell (solid blue) and second shell plus bulk (solid red) and the associated running integration numbers (dashed).
ammonia case and within an angle of 35.75°and a distance of 4.9 Å in the aqueous case. According to these depictions the high density along the x-axis indicates the orientation of the four ammonia ligands in square-planar arrangement while the much broader densities centered on the y-axis represent the two highly mobile axial ligands. Fig. 3 also provides information about the ligand exchange pathway: beyond the distributions of the axial ligands a region of zero density is observed (dark blue color at approx. ±5 Å along the y-axis). It can be seen that ligands in the axial position move perpendicularly to the axis when exchanging to/from the second solvation shell. Comparison with the distribution of aqueous Pd 2+ shown in Fig. 3b reveals a narrow distribution, especially between the extended first shell and the bulk. As a consequence the respective peak in the pair distribution is more defined and shows little overlap with the second hydration shell (see Fig. S1 †). The definition of the different regions based on combined radial-angular criteria enables a decomposition of the ionligand pair distribution depicted in Fig. 1b and S1b † for Pd 2+ in ammonia and aqueous solution, respectively. It can be seen that the extended first and second shells are well-separated by introducing the conical selection criteria and only a small region of overlap exists. The maximal values for the extended first and second shells were found at 3.40 Å and 4.49 Å with the respective average coordination numbers 2 and 18.8, respectively. The associated coordination number distributions (CNDs) for the first, extended first, and second solvation shells are shown in Fig. 4a . For the first solvation shell (black) a value of 100% located at CN 4 indicates that Pd 2+ is coordinated by four ligands and shows no exchange events along the simulation. Since, based on the conical selection, molecules were marked upon migration to/from the extended first shell along the simulation, the respective coordination number distribution (red) can be easily obtained. Probabilities of 64%, 18%, 14% were found for coordination numbers 2, 3, and 1 reflecting the rapid exchange dynamics of the extended first shell. This is in line with the broad peak observed in the Pd-N RDF, in which the extended first shell is barely visible and is merged with the peak of the second solvation shell (Fig. 1) . A broad distribution ranging from 15 to 23 with a maximum at 19 observed for the second shell (green) also indicates a high rate of ligand exchange with the bulk. Fig. 4b and c depict a number of representative snapshots along the simulation and a set of normalized N-Pd-N angular distribution functions. The four different distributions have been obtained via selection of the ligands in the equatorial and axial positions. First, the ADF of all N-Pd-N triples within a radius of 3.53 Å is depicted considering both equatorial as well as axial ligands. Two peaks with maxima located at 88°a nd 175°occur corresponding to the octahedral coordination polyhedron. Two slight shoulders visible from 60°to 75°and from 105°to 125°indicate the angular motion of ligands in axial positions leading to the distorted octahedral form as depicted in the snapshots in Fig. 4b . Next, the ADF between ligands in the equatorial plane is shown (N eq -Pd-N eq , red). Two narrow peaks located at 90°and 180°result from the rigid square-planar sub-structure. In the third ADF, only triples between ligands in the equatorial plane and the axial position are considered (N eq -Pd-N ax , blue). As can be expected only one distribution near 90°is observed, showing a low intensity accompanied with a broadness in the range of 55°to 125°in line with the conical selection (see Fig. 2 and 3) . No abrupt decay is visible at both sides of the peak, indicating that the conical selection is within an appropriate margin. The last ADF shows the normalized ADFs considering only axial ligands (N ax -Pd-N ax , green). Due to the low coordination number and the high mobility of the ligands in the extended first shell the distribution is subject to a large degree of noise, which is in stark contrast to the well-defined distributions of the N eq -Pd-N eq angles. The main peak being located between 115-180°results from the coordinated N ax -Pd-N ax triples, while the small peak in the range 55-70°stems from the simultaneous presence of exchanging ligands in the cone segment. The observed distributions clearly demonstrate the high degree of flexibility of ligands in the axial coordination sites as opposed to the rigidness of the square-planar sub-unit of the coordination structure.
To elucidate the rate of the ligand exchange between the second shell and the bulk, the mean residence time (MRT) was calculated via the direct method, which provides further insight about the reactivities of the ions. 39 Since in the first solvation shell no ligand exchange was observed only a lower limit of ≥80 ps can be provided. For the extended first shell 44 successful exchanges of NH 3 to/from the second solvation shell have been observed resulting in an MRT value of 0.95 ps. This result is lower than that for aqueous Pd 2+ showing an MRT of 3.5 ps based on 8 successful exchange events. 20 On the other hand, 162 successful exchanges of NH 3 between the second solvation shell and the bulk have been observed resulting in a MRT of 2.5 ps, which is also lower than that for aqueous Pd 2+ reported to be 4.6 ps. 25 In addition, the associated R ex value measuring how many attempts are required to achieve one lasting change in the solvation shell has been evaluated via in ammonia, which is substantially lower than the 16.7 attempts in the aqueous case. An overview of the ion-N distance versus simulation time for the all exchanging ligands is shown in Fig. 5 .
The vibrational frequency of the Pd 2+ -NH 3 interactions in liquid ammonia is depicted in Fig. 6 
Conclusion
The QMCF MD simulation provided a detailed picture of the complex solvation structure of Pd 2+ in liquid ammonia, which despite being a monoatomic solute, exhibits a spherically anisotropic interaction with the surrounding ligand molecules.
The obtained results compare well with the experimental data available in the literature where available. In particular, the good agreement of the vibrational frequencies with those of similar compounds confirms that the chosen level of theory is of similar quality as in those of earlier studies of hydrated Pd 2+ and the topologically similar Pt 2+ , thus enabling a detailed comparison of the different solvation complexes. Based on a combination of angular-radial density information a separation of the pair distribution into individual shells was feasible. A solvation pattern similar to that of the aqueous case showing a tetrahedrally elongated octahedron was observed with four ligands forming the well-known square-planar coordination motif at an average Pd-N distance of 2.12 Å plus another two ligands located at 3.40 Å in an axial position forming an extended first shell. Compared to the corresponding ion-O distance reported as 2.7 to 2.8 Å, the extended first shell is notably shifted towards the second solvation shell in the case of liquid ammonia, highlighting the substantially weaker interaction between Pd 2+ and NH 3 . As a consequence the entire solvation structure is more labile than the Pd 2+ aquo-complex leading to a decrease of the mean residence times of the ligands in the extended first and second shells to 0.95 and 2.5 ps. Based on the angular-radial density information an exchange path perpendicular to the molecular plane could be identified. The presented data highlight the substantial differences in the interaction of Pd 2+ with water and ammonia ligands, and thus act as an important reference for future investigations. In particular, since the characteristics of the ligands in the axial position are difficult to measure experimentally due to their weak interaction and exceptionally high exchange rate, theoretical methods prove to be an increasingly reliable alternative route to characterise the structure and dynamics of solvated compounds. The results also provide a valuable reference for an improved force field implementation aimed at the description of transition metal complexes in solution, such as for instance, that by Comba and coworkers. 
